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Current models of skeletal muscle E-C coupling suggest that Ca 2ϩ is released from RyR1s after direct physical interaction with voltage-gated dihydropyridine receptors on the t-tubule (5, 7) . However, RyR1s are also known to interact with a number of different molecules that regulate SR Ca 2ϩ channel activity. Therefore, Ca 2ϩ released from RyR1s can be modulated by a number of different ions (e.g., Ca 2ϩ , Mg 2ϩ ), proteins (e.g., calmodulin), enzymes (e.g., calcineurin), redox status, and immunophilins [e.g., 12-kDa FK506 binding protein (FKBP12)]. The observation that eccentric contractions do not alter dihydropyridine and RyR sensitivity (14) suggests that the E-C coupling failure may involve one or more of the ancillary proteins that form complexes with the RyR1.
FKBPs, a family of binding proteins named according to their molecular mass, are known to bind the immunosuppressive drugs FK506 and rapamycin. Skeletal muscle contains both FKBP12 and FKBP12.6, with RyR1 possessing a higher affinity for FKBP12.6. However, FKBP12 is normally bound to RyR1 because of its higher cellular concentration. FKBP12 can be displaced from RyR1 when bound to either FK506 or rapamycin. The loss of FKBP12 binding to RyR1 increases the probability of channel opening (2) and thus is thought to stabilize a closed-channel state (4) . Using a skeletal musclespecific FKBP12 knockout mouse model, we have demonstrated that myotubes from these mice display altered orthograde and retrograde coupling between the dihydropyridine and RyRs (30) . EDL muscles from these mice have a rightward shift in the force-frequency relationship, reduced peak isometric force-producing capability, and normal peak caffeine contracture force, consistent with the idea of E-C uncoupling.
We have suggested that E-C uncoupling may serve to protect skeletal muscle from excessive cellular damage and prolonged functional deficits (14) . Although the degree of muscle strain influences the magnitude of injury (32) , peak force appears to be a primary determinant of muscle injury and strength deficits observed after the performance of eccentric contractions (32) . Therefore, skeletal muscle that is prone to E-C uncoupling might be expected to produce lower peak forces during eccentric contractions and exhibit less cellular damage. Because FKBP12 deficiency appears to result in some degree of E-C uncoupling in certain skeletal muscles, we sought to test the hypothesis that skeletal muscle-specific FKBP12 deficiency would reduce strength deficits and muscle damage observed following eccentric contraction-induced muscle injury. To assess the effects of FKBP12 deficiency on muscle injury and recovery, we measured anterior crural muscle [tibialis anterior (TA) and extensor digitorum longus (EDL) muscles] strength in skeletal muscle-specific FKBP12-deficient and wild-type (WT) mice before and after a single bout of 150 eccentric contractions, as well as before and after the performance of six bouts of eccentric contractions.
METHODS

Animals
Skeletal muscle-specific FKBP12-deficient mice were created using embryonic stem cell technology and Cre-LoxP-mediated gene recombination with Cre transgene expression under the regulation of the muscle creatine kinase promoter, as described previously (30) . Skeletal muscle-specific knockout mice will be referred to as FKBP12-deficient mice. Mice with the Cre transgene served as controls and will be referred to as WT. Mice were bred at Georgia State University, and genotypes were confirmed using PCR analysis. Based on immunoblotting, the levels of FKBP12 in skeletal muscle tissue are reduced 90%, with the remaining expression associated with nonskeletal muscle cells (30) . The mice were housed in groups of 5-10 animals per cage, supplied with food and water ad libitum, and maintained in a room at 20 -22°C with a 12-h photoperiod. Mice were euthanized with an overdose of pentobarbital sodium. All animal care and use procedures were approved by the institutional animal care and use committee and met the guidelines set by the American Physiological Society.
Experimental Design
Two types of studies were performed. In the first study, 24 FKBP12-deficient mice 120 Ϯ 35 days old (mean Ϯ SD; 12 males and 12 females) and 24 WT mice 96 Ϯ 24 days old (mean Ϯ SD; 12 males and 12 females) were used to determine the effects of a single bout of 150 eccentric contractions on anterior crural muscle function and muscle damage. This contraction protocol has been shown to induce significant skeletal muscle injury, as evidenced by strength deficits and myofiber damage. The lengthening contraction protocol causes a significant loss of maximum strength (ϳ50%), stemming from multiple mechanisms (e.g., damage and loss to E-C uncoupling proteins and force-bearing structures), and requires a prolonged period (Յ4 wk) of recovery time (11, 35, 36) . Isometric torques of this muscle group as a function of stimulation frequency (20 -400 Hz) were measured in anesthetized adult mice before and immediately after the eccentric contraction bout. Peak torques were recorded during the 150 maximal lengthening contractions. The recovery of anterior crural muscle strength after injury was also evaluated in vivo by measuring isometric torque as a function of stimulation frequency (20 -400 Hz) at 3, 7, and 14 days after injury. The extent of muscle damage was assessed histologically in injured and contralateral control TA muscles at 3, 7, and 14 days postinjury. Isometric force production of the EDL muscle as a function of stimulation frequency (10 -300 Hz) was assessed in vitro in uninjured muscles, as well as in muscles immediately after, and at 3, 7, and 14 days after injury.
In the second study, we sought to determine the adaptability of FKBP12-deficient skeletal muscle to eccentric contraction-induced muscle injury. Specifically, eight FKBP12-deficient 100 Ϯ 43-day-old mice (mean Ϯ SD; 4 males and 4 females) and six WT 100 Ϯ 18-day-old mice (mean Ϯ SD; 3 male and 3 female) were used to determine the effects of six bouts of eccentric contractions, with 1-wk recovery between bouts, on anterior crural muscle function and muscle damage. Isometric torques of this muscle group as a function of stimulation frequency (20 -400 Hz) were measured in vivo in anesthetized adult mice before and immediately after each of the eccentric contraction bouts. Peak torques were recorded during the 150 maximal eccentric contractions that were performed in each bout. The recovery of anterior crural muscle strength after injury was also evaluated in vivo by measuring isometric torque as a function of stimulation frequency (20 -400 Hz) at 3 days following the sixth injury bout. Our laboratory has previously shown that peak muscle damage occurs at 3 days following a single bout of 150 eccentric contractions (19) and that anterior crural muscle function is completely recovered at this time point following five bouts of 150 eccentric contractions (15) . Isometric force production of the injured EDL muscle as a function of stimulation frequency (10 -300 Hz) was assessed in vitro 3 days after injury.
In Vivo Muscle Strength Analysis and Injury Induction
Contractile function (i.e., torque-frequency relationship) of the left anterior crural muscles was measured in vivo immediately before and after, as well as 3, 7, and 14 days after, a single bout of 150 eccentric contractions, as previously described (11-14, 19, 36) . After mice were anesthetized (0.3 mg/kg fentanyl citrate, 16.7 mg/kg droperidol, 5.0 mg/kg diazepam), the left hindlimb was aseptically prepared, the mouse was placed on a heated platform with the left knee clamped, and the left foot was secured to an aluminium "shoe" that is attached to the shaft of an Aurora Scientific 300B servomotor. Sterilized needles were inserted through the skin for stimulation of the left common peroneal nerve. Stimulation voltage and needle electrode placement were optimized with 5-15 isometric contractions (200-ms train of 0.1-ms pulses at 300 Hz). Contractile function of the anterior crural muscles was assessed by measuring peak isometric torque as a function of stimulation frequency (20 -400 Hz). Injury to the anterior crural muscles was induced by the performance of 150 eccentric contractions (38°angular movement at 2,000°/s, starting from a 19°d orsiflexed position). Peak torque was measured for every eccentric contraction in the injury protocol and was saved and totaled (termed total eccentric torque) for every 10th contraction.
In Vitro Analysis of EDL Muscle
EDL muscles from FKBP12-deficient and WT mice were dissected free and studied at 35°C using an in vitro preparation, as previously described (11, (13) (14) (15) 30) . EDL muscles were mounted in a chamber containing a Krebs-Ringer bicarbonate buffer (pH 7.4) with (in mM) 144 Na ϩ , 126. , 0.17 leucine, 0.10 isoleucine, 0.20 valine, 10 glucose, 10 g/ml gentamicin sulfate, and 0.10 U/ml insulin (the buffer was equilibrated with 95% O 2-5% CO2 gas). The distal tendon was attached by silk suture and cyanoacrylate adhesive to a fixed support, and the proximal tendon was attached to the lever arm of a servomotor system (Aurora Scientific 300B). Optimal physiological muscle length in the chamber was set with a series of twitch contractions (0.2-ms pulse at 150 V). Next, peak isometric force as a function of stimulation frequency (10 -300 Hz) was measured during isometric contractions (200-ms trains of 0.2-ms pulses), with 3 min between contractions. Caffeine sensitivity was assessed by measuring changes in baseline force during exposure to increasing caffeine concentrations (1, 2, 4, 8, 16 , and 50 mM) and twitch contractions at a rate of 0.2 Hz. Force produced by the EDL muscle was normalized to physiological crosssectional area (N/cm 2 ), as described previously (19) .
degenerating myofibers (i..e., injured), whereas myofibers containing one or two internal nuclei with normal staining were used as a marker of previous damage and/or regeneration. Our laboratory has previously used similar methods to estimate the extent of muscle damage after injury (19) .
Statistical Analyses
Individual factorial ANOVAs and ANOVAs with repeated measures were used to determine statistical differences in isometric and eccentric strength, body weight (BW), skeletal muscle wet weight, and myofiber number, damage, and regeneration. In the event of a significant interaction, simple main-effects analysis and Bonferroni's post hoc tests were conducted. An ␣-level of 0.05 was used for all analyses. Except for the descriptive data in Table 1 , values presented in RESULTS are means Ϯ SE.
RESULTS
Study 1
Basic morphological characteristics of FKBP12-deficient mice. Compared with WT mice, FKBP12-deficient mice were 13.6% smaller (P Ͻ 0.05) at time of injury induction (Table 1) . However, there was no significant difference in absolute EDL muscle wet weight between female FKBP12-deficient and WT mice, whereas there was an 18% difference (P Ͻ 0.05) in EDL muscle wet weight between male FKBP12-deficient and WT mice. There was a trend (P ϭ 0.11) for the same effects in the TA muscle. Because BW is reduced 12-15% in female and male FKBP12-deficient mice, it appears that female FKBP12-deficient mice have less change in EDL muscle wet weight than male FKBP12-deficient mice. However, normalizing uninjured anterior crural muscle wet weights to BW eliminated statistical differences between FKBP12-deficient and WT mice (Table 1) .
In vivo muscle injury induction. Anterior crural muscles from FKBP12-deficient mice produced 12.3% less (P Ͻ 0.05) peak absolute torque during the first eccentric contraction of the injury protocol than from WT mice (Table 1) . Similarly, FKBP12-deficient mice produced 11.6% lower (P Ͻ 0.05) total torque during the 150 eccentric contractions than WT mice (59.2 Ϯ 1.8 vs. 67.0 Ϯ 2.0 N⅐mm). These strength differences appear to stem from differences in BW between the genotypes; normalizing peak eccentric torque and total eccentric torque to BW abolished the statistical differences between genotypes ( Fig. 1 and Table 1) .
Because strength deficits associated with the performance of eccentric contractions depend, in large part, on peak force (32), the stimulus for inducing injury appears to be the same between FKBP12-deficient and WT mice when peak and total eccentric contraction torques are scaled to BW. The percent decline in eccentric torque over the 150 contractions is the same between FKBP12-deficient (44.9 Ϯ 1.1%) and WT (45.5 Ϯ 1.1%) mice.
In vivo isometric torque. Absolute peak isometric tetanic torque is 12.3% less (P Ͻ 0.05) in uninjured anterior crural muscles from FKBP12-deficient mice compared with WT mice (Table 1) . However, when isometric torque is normalized to BW, there are no significant differences between uninjured WT and FKBP12-deficient mice, except at 20 Hz (Fig. 2 and Table  1 ). Peak twitch torque at 20-Hz stimulation is 10.6% lower in FKBP12-deficient mice compared with WT mice (Table 1) .
The performance of 150 eccentric contractions resulted in immediate reductions (P Ͻ 0.05) in isometric torque as a function of stimulation frequency in both WT (52.7-92.1%) and FKBP12-deficient (52.8 -89.1%) mice (Fig. 2) . Our laboratory has shown previously that the decrease in isometric contraction torque immediately after the eccentric contraction protocol reflects primarily anterior crural muscle injury and not fatigue (36) . Compared with WT mice, FKBP12-deficient mice exhibited less (P Ͻ 0.05) strength loss at 20 (84.5 vs. 90.0%), 40 (84.2 vs. 89.4%), and 80 Hz (89.1 vs. 92.2%) immediately after injury induction. However, strength deficits at stimulation frequencies Ͼ100-Hz contractions were virtually identical between genotypes (P ϭ 0.57-0.96) at this time.
In general, few differences were apparent between WT and FKBP12-deficient mice in strength deficits observed during recovery from injury (i.e., 3-14 days). However, on closer inspection of the data, we observed, rather unexpectedly, differences in strength loss and recovery between groups based on sex. Three days after injury, male FKBP12-deficient mice produced significantly higher isometric torque than male WT mice at intermediate-to-high stimulation frequencies (100 -400 Hz), whereas FKBP12-deficient and WT female mice were not significantly different (Fig. 2) . For both WT and FKBP12- deficient mice, there was no significant recovery in isometric torque 3 days after injury at low (20 -60 Hz) and high stimulation frequencies (200 -400 Hz).
There were no differences between WT and FKBP12-deficient mice in the recovery of isometric strength 7 days after injury (Fig. 2) . At this time, all mice displayed recovery of isometric torque at low and intermediate stimulation frequencies (20 -200 Hz), but not in torque produced at relatively high frequencies (350 -400 Hz) (Fig. 2) .
All mice exhibited some recovery in isometric torque (20 -400 Hz) by 14 days after injury induction (Fig. 2) . However, only the female FKBP12-deficient mice displayed recovery back to preinjury strength values at intermediate and high stimulation frequencies (100 -400 Hz) (Fig. 2) . Moreover, only the female FKBP12-deficient mice displayed significant recovery of isometric torque from 7 to 14 days at moderate and high stimulation frequencies (100 -400 Hz). In general, isometric torque produced by male and female WT mice, as well as male FKBP12-deficient mice, recovered little from 7 to 14 days at stimulation frequencies from 40 to 400 Hz.
In vitro EDL muscle force. The finding that isometricspecific force production by uninjured EDL muscles from FKBP12-deficient mice is less (P Ͻ 0.05) than WT muscle at all stimulation frequencies except 60 Hz (Fig. 3) is similar to what our laboratory has previously observed (30) . The performance of 150 eccentric contractions in vivo resulted in immediate deficits in isometric-specific force in vitro immediately after injury in both WT and FKBP12-deficient mice (Fig. 3 ). There were no differences between WT and FKBP12-deficient mice in isometric-specific force at low to intermediate stimulation frequencies (i.e., 10 -125 Hz). However, female FKBP12-deficient mice produced greater (P Ͻ 0.05) isometric- specific force than all other mice immediately after injury at high stimulation frequencies (150 -300 Hz). There was no recovery in isometric-specific force 3 days after injury in male and female WT and female FKBP12-deficient mice at relatively low (10 -40 Hz) and high (100 -300 Hz) stimulation frequencies. However, male FKBP12-deficient mice demonstrated significant recovery in isometric-specific force 3 days after injury at all stimulation frequencies. By 7 days after injury, male and female WT and female FKBP12-deficient mice exhibited significant recovery in force at all stimulation frequencies; however, no recovery occurred between 3 and 7 days in male FKBP12-deficient mice at low (10 and 20 Hz) and high (100 -300 Hz) stimulation frequencies. Female FKBP12-deficient mice were completely recovered by 7 days, and male FKBP12-deficient mice were completely recovered by 14 days postinjury. In contrast, although some further recovery in strength occurred at 14 days in male and female WT mice, isometric-specific force was still not completely recovered at relatively high stimulation frequencies (125-300 Hz). Force produced at relatively low stimulation frequencies (10 -100 Hz) was completely recovered by 14 days after injury in male and female WT mice.
Although our laboratory has previously reported (30) that FKBP12 deficiency does not alter the sensitivity of uninjured skeletal muscle to caffeine, injured EDL muscle from FKBP12-deficient mice exhibited significantly greater (11.0 -31.1%) caffeine-induced force than WT muscle at all caffeine concentrations (1-50 mM) (Fig. 4) .
BW and muscle weights and muscle damage after injury. The percent change in BW after injury induction was not significantly (P Ն 0.32) different between FKBP12-deficient and WT mice. Compared with BWs at the time of injury induction, all mice lost 3.6 Ϯ 1.0% of their BW 3 days after injury. However, the BWs of all mice at 7 and 14 days were not significantly different than the preinjury BW.
The wet weight of the EDL muscle responded differently after injury between WT and FKBP12-deficient mice. In female WT mice, the EDL muscle wet weight was significantly lower 7 days after injury (6.6 Ϯ 0.5 mg) compared with immediately (9.2 Ϯ 0.7 mg), 3 days (8.8 Ϯ 0.2 mg), and 14 days (8.8 Ϯ 0.1 mg) after injury. In contrast, there were no significant differences in wet weight among these time points in female FKBP12-deficient mice: immediately (7.9 Ϯ 1.4 mg), 3 days (8.5 Ϯ 0.4 mg), 7 days (7.6 Ϯ 0.7 mg), and 14 days (8.6 Ϯ 0.1 mg) after injury. In male WT mice, the EDL muscle wet weight was significantly higher 3 days after injury (12.3 Ϯ 0.3 mg) compared with 14 days (10.7 Ϯ 0.4 mg) after injury, but were not different immediately (11.8 Ϯ 1.3 mg), 7 days (11.3 Ϯ 0.6 mg), and 14 days after injury. In male FKBP12-deficient mice, the EDL muscle wet weight was significantly lower 3 (8.9 Ϯ 0.6 mg) and 7 days (7.6 Ϯ 0.7 mg) after injury Fig. 3 . In vitro isometric-specific force (means Ϯ SE) as a function of stimulation frequency in uninjured and injured extensor digitorum longus (EDL) muscles from WT female (A) and male (C) mice, and in FKBP12-deficient female (B) and male (D) mice after a single bout of eccentric contractions. The numbers of female and male WT muscles used, respectively, were as follows: uninjured (5 and 3), immediately postinjury (3 and 3), 3 days (3 and 3), 7 days (2 and 3), and 14 days (2 and 4). The number of female and male FKBP12-deficient muscles used, respectively, were as follows: uninjured (5 and 3), immediately postinjury (3 and 3), 3 days (3 and 3), 7 days (3 and 3), and 14 days (3 and 3). compared with immediately (11.3 Ϯ 0.9 mg) and 14 days (9.9 Ϯ 0.2 mg) after injury.
There were few differences between FKBP12-deficient and WT mice in the pattern of change in TA muscle wet weight after injury. In FKBP12-deficient mice, TA muscle wet weight was significantly reduced 7 days (42.0 Ϯ 2.7 mg) compared with immediately (51.6 Ϯ 3.4 mg), 3 days (49.7 Ϯ 3.2 mg), and 14 days (49.0 Ϯ 2.0 mg) after injury. In WT mice, TA muscle wet weight was significantly reduced 7 (49.9 Ϯ 4.0 mg) and 14 days (49.3 Ϯ 2.3 mg) compared with immediately (54.8 Ϯ 4.0 mg) and 3 days (57.0 Ϯ 3.7 mg) after injury.
The eccentric contraction protocol did induce significant myofiber damage based on the hematoxylin and eosin stain (Fig. 5) . There was no difference between FKBP12-deficient and WT mice in the relative degree of active myofiber degeneration and regeneration. The percentage of muscle fibers actively degenerating increased (P Ͻ 0.05) from 0.19 Ϯ 0.04% in noninjured muscle to 8.4 Ϯ 1.4, 10.2 Ϯ 2.3, and 5.8 Ϯ 1.0% at 3, 7, and 14 days after injury, respectively. The percentage of regenerating muscle fibers (i.e., presence of central nuclei) was 0.6 Ϯ 0.2, 3.1 Ϯ 0.3, 2.4 Ϯ 0.6, and 8.9 Ϯ 1.8% in noninjured muscle, and at 3, 7, and 14 days after injury, respectively. Only muscle from 14 days postinjury exhibited a significant increase in regeneration. Estimates of total fiber number were not different between WT and FKBP12-deficient mice and were not significantly different among the time points: uninjured (2,028 Ϯ 84, n ϭ 14), 3 days (1,911 Ϯ 235, n ϭ 7), 7 days (1,784 Ϯ 233, n ϭ 8), and 14 days (2,125 Ϯ 206, n ϭ 7) after injury.
Study 2
In vivo eccentric contractile torque. There was no significant difference in peak eccentric torque produced on the first contraction of the first bout between WT (193.6 Ϯ 13.6 N⅐mm⅐kg Ϫ1 ) and FKBP12-deficient (210.04 Ϯ 8.5 N⅐mm⅐kg
Ϫ1
) mice (Fig. 6) . Fig. 5 . Tibialis anterior muscle cryosections stained with hematoxylin and eosin after a single bout of eccentric contractions. Uninjured myofibers are from WT (A) and FKBP12-deficient mice (B), and tibialis anterior myofibers are from WT mice at 3 (C), 7 (E), and 14 days (G) after injury, and from FKBP12-deficient mice at 3 (D), 7 (F), and 14 days (H) after injury. Hematoxylin-and eosin-stained myofibers that were discolored and containing Ն3 internal nuclei were classified as active degenerating myofibers (e.g., C-F), whereas myofibers containing 1 or 2 internal nuclei with normal staining were classified as regenerating myofibers (G and H). There was also no difference in the percent decrease in eccentric contraction torque over the first injury bout between WT (Ϫ47.2 Ϯ 1.8%) and FKBP12-deficient (Ϫ48.0 Ϯ 1.1%) mice. FKBP12-deficient mice adapted better during the weekly bouts of 150 eccentric contractions. This enhanced adaptation of anterior crural muscle strength after injury in FKBP12-deficient mice is reflected by higher (P Ͻ 0.05) peak eccentric torques on the first contraction across all bouts than the WT mice (183.3 Ϯ 4.3 vs. 146.5 Ϯ 6.7 N⅐mm⅐kg Ϫ1 ). For both groups, peak eccentric torque on the first contraction of bouts 2-6 was significantly less than that of bout 1. Given that full strength recovery takes ϳ4 wk in this injury model, it is not surprising that anterior crural muscle torque was least recovered at the beginning of bout 2, with peak eccentric torques of both groups significantly different than all other bouts. Like the first eccentric contraction bout, there were no significant differences between groups in the percent decline in eccentric torque for all injury bouts. The average decrease in peak eccentric contraction torque for bouts 2-6 was 33.8 Ϯ 1.4, 34.5 Ϯ 1.9, 31.2 Ϯ 1.3, 28.5 Ϯ 1.6, and 27.7 Ϯ 2.0%, respectively. The relative decrease in torque on the first bout (Ϫ47.7 Ϯ 0.9%) was significantly different than all of the rest, whereas the percent decreases were not different among bouts 2-6. In vivo isometric contractile torque. There were no significant differences in normalized isometric torque between WT and FKBP12-deficient mice before the first injury bout (Fig. 7 ). There were no significant differences between WT and FKBP12-deficient mice in the postinjury isometric torque (i.e., normalized to BW) at stimulation frequencies Ͻ150 Hz across all six injury bouts. Moreover, there was little adaptation in the strength deficits observed at relatively low frequencies across all injury bouts. It was not until the muscle was stimulated at higher frequencies (Ͼ100 Hz) that postinjury isometric torques were greater (P Ͻ 0.05) than that of the first bout in subsequent sessions. However, there were also significant genotype differences at these relatively high stimulation frequencies (Ͼ125 Hz). Although there were no differences between groups in postinjury isometric torque after the first bout, anterior crural muscles from FKBP12-deficient mice had greater (P Ͻ 0.05) isometric torque than WT mice at stimulation frequencies Ͼ125 Hz after either the first (150, 250, 300, 350 Hz), second (200 Hz), or third (400 Hz) bouts. The ability of skeletal muscles from WT mice to adapt to weekly injury sessions and produce higher postinjury isometric torques than previous sessions was markedly (P Ͻ 0.05) less than in FKBP12-deficient mice. There were no significant differences in postinjury isometric torque between the first and last injury bouts at higher stimulation frequencies (200 -400 Hz) in WT mice. In contrast, FKBP12-deficient mice produced greater (P Ͻ 0.05) postinjury isometric torques at higher stimulation frequencies (200 -400 Hz) in bouts 4 -6 than in the first injury bout.
Recovery of isometric contraction torque as a function of stimulation frequency before each injury bout reflects the ability of mouse anterior crural muscle to adapt to weekly sessions of eccentric contraction-induced injury (Fig. 7, A and  B ). There were significant differences between WT and FKBP12-deficient mice across injury bouts at 20 and 125-to 400-Hz stimulation frequencies. Specifically, FKBP12-deficient mice produced greater (P Ͻ 0.05) isometric contraction torques than WT mice during bouts 2-6 at stimulation frequencies Ͼ100 Hz. Isometric torque was significantly less at the second bout compared with all other bouts for FKBP12-deficient mice at stimulation frequencies of 20 and 125-400 Hz. Anterior crural muscles from FKBP12-deficient mice produce torque similar to uninjured values at low frequencies (i.e., 20 -100 Hz) by the third bout and high frequencies (125-400 Hz) by the fifth injury bout. Although anterior crural muscles from WT mice also produce torque similar to uninjured values at low frequencies (i.e., 40 -80 Hz) by the third bout, torque produced at relatively high stimulation frequencies (125-400 Hz) was still significantly lower than preinjury values by the sixth injury bout.
FKBP12-deficient mice exhibited greater (P Ͻ 0.05) isometric torques than WT mice at relatively high stimulation frequencies (125-400 Hz) 3 days after the last injury bout. However, there were no differences between WT and FKBP12-deficient mice in isometric torques at low-to-moderate stimulation frequencies (20 -100 Hz) 3 days after the last eccentric contraction bout. Both groups of mice exhibited significant recovery in isometric torques at these stimulation frequencies 3 days after the last injury bout (data not shown).
In vitro EDL muscle-specific force and caffeine sensitivity. The EDL muscle of both groups of mice appeared to have adapted to the weekly training based on the degree of recovery in specific force 3 days after the last injury induction compared with specific force values 3 days after one injury bout (Fig. 8) . However, FKBP12-deficient mice produced greater isometricspecific force than WT mice at high stimulation frequencies (200 -300 Hz) 3 days after the last injury bout (Fig. 8) . In addition, FKBP12-deficient mice appear to recover force-producing capacity with eccentric contraction training, as isometric force produced at moderate-to-high stimulation frequencies (100 -300 Hz) was greater (P Ͻ 0.05) 3 days after the sixth injury bout compared with before injury. In contrast, WT mice had isometric-specific force values significantly lower 3 days after the last injury bout compared with preinjury values at relatively moderate-to-high stimulation frequencies (Fig. 8) .
EDL muscles from FKBP12-deficient mice exhibited significantly more sensitivity to caffeine than from WT mice 3 days following the last injury bout. EDL muscles from FKBP12-deficient mice produced greater (P Ͻ 0.05) caffeine-induced forces than WT mice at 2 (23%), 4 (33%), and 50 mM (27%) caffeine concentrations. Caffeine forces at 8 and 16 mM concentrations also tended (P Յ 0.09) to be greater in FKBP12-deficient mice than WT mice.
Muscle weights and muscle damage. The BW of WT mice (30.2 Ϯ 2.3 g) was significantly greater than that of FKBP12-deficient mice (24.6 Ϯ 1.1 g) 3 days after the last injury bout. Despite the 19% smaller BW of the FKBP12-deficient mice, there was no significant difference in injured TA muscle wet weight in WT (47.3 Ϯ 4.5 mg) and FKBP12-deficient (49.3 Ϯ 1.7 mg) mice. Moreover, the injured TA muscle wet weight normalized to BW from FKBP12-deficient mice was significantly larger than injured TA muscle from WT mice. The injured TA muscle from FKBP12-deficient mice was significantly larger than its contralateral control muscle, whereas the injured and contralateral control TA muscles from WT mice were not different. There was no significant (P ϭ 0.07) difference in EDL wet weight between WT (10.3 Ϯ 0.5 mg) and FKBP12-deficient (9.1 Ϯ 0.3 mg) mice, nor (P ϭ 0.14) in normalized wet weight (0.33 Ϯ 0.02 vs. 0.37 Ϯ 0.01 mg/g).
Estimates of total myofibers from injured TA muscles 3 days after the last injury bout were greater (P Ͻ 0.05) than uninjured contralateral control TA muscles in both WT (2,678 Ϯ 176 vs. 2,481 Ϯ 42; n ϭ 3) and FKBP12-deficient (2,592 Ϯ 115 vs. 2,248 Ϯ 118; n ϭ 7) mice. Both WT and FKBP12-deficient mice still exhibited significant active degeneration of TA myofibers 3 days after the last injury bout compared with contralateral control muscles. However, TA muscle from FKBP12-deficient mice exhibited significantly less myofiber degeneration than that of WT mice (3.9 Ϯ 0.6 vs. 7.0 Ϯ 1.4%). The percentage of myofibers displaying regeneration 3 days after the last injury bout was not different between WT (15.0 Ϯ 2.9%) and FKBP12-deficient (10.3 Ϯ 2.1%) mice.
DISCUSSION
We have shown that FKBP12 is critical to life and regulation of the E-C coupling in skeletal muscle. Specifically, when the gene encoding the FKBP12 protein is completely removed in mice, most animals die in utero due to severe cardiac defects (25) . Using a skeletal muscle-specific FKBP12 knockout mouse model, we have demonstrated that myotubes from these mice display reduced voltage-gated SR Ca 2ϩ release and enhanced L-type Ca 2ϩ influx and caffeine sensitivity (30) . EDL muscles from these mice have a reduced isometric forceproducing capability and normal peak caffeine contracture force, consistent with the idea of alterations in E-C coupling.
The present study sought to test the hypothesis that skeletal muscle-specific FKBP12 deficiency would reduce strength deficits and muscle damage observed following eccentric contraction-induced muscle injury. Compared with WT mice, we found that anterior crural muscles from FKBP12-deficient mice exhibited less initial isometric strength deficits, faster recovery after both single and repeated bouts of eccentric contractions, and less damage to the TA muscle after repeated injury bouts. Specifically, anterior crural muscles from male and female FKBP12-deficient mice produced 42-130% greater isometric torque at low stimulation frequencies than WT mice immediately after injury. In addition, EDL muscle from female FKBP12-deficient mice produced 29 -75% greater isometricspecific force at high stimulation frequencies than all other mice immediately after injury. Isometric torque produced by the anterior crural muscle from female FKBP12-deficient mice recovered significantly faster than that in all other mice. In addition, EDL muscles from male and female FKBP12-deficient mice recovered significantly faster than their WT counterparts. However, as with the anterior crural muscle (i.e., TA muscle) recovery from a single injury bout, EDL muscles from female FKBP12-deficient mice recovered significantly faster than that in all other mice.
The reason anterior crural muscle from FKBP12-deficient mice experience less initial strength deficit and faster recovery from injury than WT mice is unknown. Less apparent injury in TA muscles from FKBP12-deficient mice does not appear to stem from a weaker injury stimulus. The magnitude of strength loss associated with the performance of eccentric contractions is known to be affected by peak force (8, 22, 32) . Anterior crural muscles from FKBP12-deficient and WT mice produced similar peak eccentric torque when normalized to BW, and the relative decrease in torque over the eccentric contraction protocol was nearly identical (Fig. 1) . Moreover, despite producing greater relative eccentric torques during repeated injury bouts (Fig. 6) , anterior crural muscles from FKBP12-deficient mice adapted significantly faster and exhibited markedly less damage to the TA muscle. Unlike the TA muscle, it is possible that less strength deficits observed in the EDL muscle after injury stem from a weaker injury stimulus, given the decrease in intrinsic isometric force output (Fig. 3) . Previously, our laboratory noted that FKBP12 deficiency reduced intrinsic contractile force in the EDL muscle, but not in the soleus and diaphragm muscles (30) .
Our laboratory (13) and others (3) have shown that shortterm (i.e., immediately to 3 days after) strength loss associated with eccentric contraction-induced injury results primarily from the inability of the RyR1 to release Ca 2ϩ (i.e., E-C uncoupling). When the normal excitation pathway in these injured muscles is circumvented by caffeine-like compounds acting directly on the RyR1, SR Ca 2ϩ release and force output are restored (3, 13, 14, 37) . If SR Ca 2ϩ release is better maintained immediately after injury, then this could also explain the improved EDL and TA muscle force output from FKBP12-deficient mice. Apparent differences in E-C coupling between WT and FKBP12-deficient mice (30) could explain possible improvements in SR Ca 2ϩ release after injury. Altered E-C coupling and increased Ca 2ϩ influx and caffeine sensitivity observed in FKBP12-deficient myotubes (30) may be mediated by a gain of function by FKBP12.6. FKBP12.6 is the predominant isoform bound to the RyR in cardiac muscle and likely plays a role in mediating Ca 2ϩ -induced Ca 2ϩ release. Therefore, it is possible that, if Ca 2ϩ -induced Ca 2ϩ release contributes to E-C coupling in anterior crural muscles from FKBP12-deficient mice, then these muscles might not be as vulnerable to stress-induced disruptions in the E-C coupling mechanism normally present in skeletal muscle. Consistent with this idea, the ability of caffeine to trigger SR Ca 2ϩ release and force production was not impaired in female FKBP12-deficient mice and only minimally affected in male FKBP12-deficient mice compared with WT mice (Fig. 4) .
Our laboratory has previously reported that long-term (i.e., 2-4 wk) recovery of strength deficits depend on the resolution of inflammation, which entails myofiber degeneration and regeneration processes (11, 19, 35) . Long-term, but not shortterm, recovery of injured mouse anterior crural muscle depends on satellite cell recruitment in this injury model (24) . Faster recovery of strength in FKBP12-deficient mice could result from less initial damage to the skeletal muscle, faster regeneration of the muscle, or both. Although the TA muscle in FKBP12-deficient mice is damaged less than in WT mice after Fig. 8 . In vitro isometric-specific force (means Ϯ SE) as a function of stimulation frequency in EDL muscles from WT (A) and FKBP12-deficient (B) mice 3 days after the performance of the sixth bout of 150 eccentric contractions. Isometric-specific force values from EDL muscles that are uninjured and 3 days after a single injury bout are shown for reference. All force values after the sixth injury bout are significantly greater than force values 3 days after the single injury bout. #Significant differences between 3 days post-sixth injury bout and uninjured (P Ͻ 0.05). *Significant differences between 3 days post-sixth injury bout and uninjured (P Ͻ 0.05).
repeated bouts of injury, this is not the case with a single injury bout. Therefore, it appears that recovery of anterior crural muscle function after a single injury bout stems from a more efficient regeneration process. Accelerated recovery from eccentric contraction-induced muscle injury in FKBP12 mice may be related to altered activity of transcriptional factors that are mediated by Ca 2ϩ influx, although this does not appear to be related to E-C uncoupling per se. We have reported that FKBP12 deficiency results in increased Ca 2ϩ influx through the L-type Ca 2ϩ channel and increased phosphorylation of cAMP response element binding protein and calcineurin content (30) . Calcineurin-mediated dephosphorylation of nuclear factor of activated T cell-2 may then play a role in the fusion of satellite cells (23) in the injured myofibers.
One surprising finding in the present study was that female FKBP12-deficient mice recovered strength deficits markedly faster than all other mice. Because final recovery of strength in this injury model depends on satellite cell recruitment (24) , it appears that the removal of FKBP12 expedites this recovery process in female mice. FKBP12 is known to interact with both mammalian target of rapamycin (mTOR) (10) and the transforming growth factor (TGF)-1␤ receptor (31), signaling pathways known to regulate cell cycle (1, 10) . It is possible that the mTOR and/or TGF-1␤ signaling in skeletal muscle from female mice is sensitive to the removal of FKBP12. Recent studies indicate that TGF-␤, which can inhibit satellite cell activity (18) , localizes around injured myofibers after eccentric contractions (27) , and that activation of the Akt-mTOR signaling pathway is important in suppressing TGF-␤ signaling (28) . Although estrogen may enhance recovery of skeletal muscle mass by affecting extracellular matrix remodeling and satellite cell activity (16, 21, 26) , we did not observe this in female WT mice. How estrogen interacts with these pathways to expedite recovery of muscle strength after injury is unknown and awaits further investigation.
Anterior crural muscles from FKBP12-deficient mice exhibited better recovery of eccentric (Fig. 6) and isometric (Fig. 7 ) strength in the weekly exercise bouts than those from the WT mice.
Despite producing greater relative eccentric torque, and thus greater stimulus for injury, FKBP12-deficient mice also exhibited less isometric strength deficits immediately postinjury at high stimulation frequencies (150 -400 Hz) after the third bout (Fig. 7) . Our laboratory has previously suggested that the small attenuation in strength deficits immediately after eccentric contractions stems from the removal of stress-susceptible elements within the skeletal muscle, whereas the remaining strength deficits stem from E-C uncoupling (15) . Attenuation in immediate peak strength deficits and faster recovery of weekly strength deficits could be explained, in part, by less myofiber damage and degeneration. In support of this notion, we observed significantly less myofiber degeneration 3 days after the last injury bout in FKBP12-deficient mice compared with WT mice.
All female mice exhibited greater eccentric torques than male mice in injury bouts 2-6. Moreover, female mice tended to produce greater isometric torque before and after injury bouts 2-6. Whether sex hormones amplify the mechanisms of enhanced recovery associated with FKBP12 deficiency (e.g., calcineurin) or act in an additive manner (e.g., inhibiting TGF-␤, activating mTOR) after a single injury bout, and/or after multiple injury bouts, is unknown and warrants further investigation. In addition, accelerated recovery from eccentric contraction-induced injury may stem from events that are related to either the loss of FKBP12 or the upregulation of proteins (e.g., FKBP12.6) that are compensating for the loss of FKBP12.
In conclusion, skeletal muscle-specific FKBP12 deficiency results in a smaller and weaker phenotype. Consistent with our hypothesis, FKBP12-deficient mice exhibit less initial strength deficits, faster recovery from single and multiple bouts of eccentric contraction-induced injury, and less TA muscle damage after multiple injury bouts than WT mice. Moreover, anterior crural muscles from female FKBP12-deficient mice recover faster from injury than those of other mice. Future studies should address the role of FKBP12.6 in mediating force production in FKBP12-deficient mice and whether FKBP12-sensitive signaling pathways related to satellite cell activity contribute to the enhanced recovery of anterior crural muscle strength from eccentric contraction-induced injury.
